To investigate the associations between obstructive sleep apnea (OSA) and maternal and neonatal morbidities in a cohort of obese gravid women. 
OBJECTIVE:
To investigate the associations between obstructive sleep apnea (OSA) and maternal and neonatal morbidities in a cohort of obese gravid women.
METHODS:
Participants were enrolled in a prospective observational study designed to screen for OSA and describe the possible risk factors for and outcomes of OSA among obese (body mass index [ ), previous preeclampsia (OR 2.79, 95% CI 1.09-7.19), and hypertension (OR 4.25, 95% CI 1.67-10.77) were associated with development of preeclampsia.
CONCLUSION:
Obstructive sleep apnea among obese pregnant women is associated with more frequent preeclampsia, neonatal intensive care unit admissions, and cesarean delivery. (30 or more) . This number is projected to increase to 42% in adults by the year 2030. [1] [2] [3] With rates of both adult and adolescent obesity increasing, the prevalence of obesity among women of childbearing age (age 15-44 years) also can be expected to increase. Population and cohort studies consistently indicate that obesity is associated with an increased risk of comorbid conditions during pregnancy, cesarean delivery, anesthesia complications, venous thromboembolism, and maternal mortality. [4] [5] [6] Obesity also has implications for the fetus, which may experience short-term consequences resulting from medically indicated preterm birth and macrosomia and also long-term implications related to fetal in utero programming. 7 These sober facts have led to increased focus on the mitigation of obesity and its pregnancyrelated morbidities.
One area of increased investigation in pregnancy has been related to obstructive sleep apnea (OSA). Obstructive sleep apnea is a condition characterized by recurrent cycles of upper airway obstruction, nocturnal hypoxemia, reoxygenation, and sleep fragmentation, and is predominately an obesity-related comorbid condition. 8, 9 Obesity and weight gain are associated with the development and worsening OSA.
Depending on the definition used, OSA prevalence among women of reproductive age has been estimated to be 0.7-5%. However, OSA remains underdiagnosed and understudied among women of reproductive age. 10, 11 Despite consistent data on the adverse cardiovascular effects of the disease in the nonpregnant population, data regarding the significance of the disease and its effects on reproduction remain scarce. Emerging data indicate an increased risk of gestational diabetes, preeclampsia, and smallfor-gestational-age neonates in these women, but much of the currently available data are limited to case reports or studies that lack appropriate control groups, objective testing for OSA, or lack adjustment for obesity. 12, 13 It has become evident that obesity is an important confounding factor and the independent role of OSA is unclear. Therefore, we sought to examine the independent effects of OSA on maternal pregnancy outcomes and neonatal morbidities in a cohort of obese women. We hypothesized that women with OSA would have an increased risk of perinatal morbidities when compared with women of comparable weight without OSA.
MATERIALS AND METHODS
The patients in this study were enrolled in the Sleep Apnea in Pregnancy Screening Study, a prospective, observational, cohort study in which obese pregnant women were screened for sleep-related breathing disorders. The primary objective of this study was to develop a screening tool to detect OSA among obese pregnant women. The data presented in this article are the results of the preplanned secondary objective that was to identify the risk factors for OSA and to describe the pregnancy outcome among these women. The site for enrollment was a single urban tertiary care center that serves as a regional perinatal referral center. Recruitment occurred between September 2008 and August 2011. Approval from MetroHealth Medical Center's Institutional Review Board was obtained before the start of the study and each participant provided informed consent. Participants were offered enrollment if they were obese (prepregnancy BMI 30 or more), age 18 years or older, and were willing to be adherent to the study protocol. All gestational ages were included. Exclusion criteria were chronic use of narcotic or other drugs affecting the central nervous system and inability to maintain sleep beyond 2 hours. Because this was a study that relied on the use of a device, women with a documented history of nonadherence (missing more than three clinic visits) were also excluded ( F1 Fig. 1 ). To limit selection bias, participants were recruited from both general care and high-risk obstetrics clinics.
Objective testing for OSA was performed using in-home portable polysomnography with the ARES Unicorder 5.2, a self-applied wireless physiologic recorder worn on the forehead. The device measures airflow using a nasal pressure cannula, blood hemoglobin SpO 2 and pulse rate using reflectance oximetry, head movement and head position using actigraphy, and snoring levels using an acoustic microphone. After the patient had finished the study, the raw data were uploaded and the files were transferred by secure server to an independent blinded sleep reading center for manual scoring of the data.
Agreed to participate n=182
Live births n=158
Complete delivery data n=161
Included in analysis n=175
Preliminary screening N=412 Apnea was defined as cessation of airflow for 10 seconds or more. Hypopnea was defined as a 50% or more reduction in airflow with an associated 3% or more decrease in oxygen saturation. Sleep time was estimated from artifact-free recording times. The apnea hypopnea index was calculated as the sum of all apnea plus hypopnea events divided by estimated sleep time. 14 An apnea hypopnea index of less than 5 per hour was considered as "no OSA" and an apnea hypopnea index of 5 or more per hour was considered "OSA." In addition, severity was described as: 5-15 per hour (mild); 16-29 per hour (moderate); and 30 or more per hour (severe). 15 Participants with an apnea hypopnea index of 5 or more per hour were referred for an in-laboratory overnight polysomnogram for evaluation by a sleep medicine specialist, and their primary obstetric providers were notified. Although continuous positive airway pressure was recommended to all who tested positive for OSA, only one participant began continuous positive airway pressure during the pregnancy at 34 weeks of gestation. All the other participants were untreated.
A randomly selected subset of 19 women underwent concurrent ARES Unicorder monitoring and in-laboratory overnight full-montag AU2 e polysomnogram. After the studies were conducted, the in-home ARES data were downloaded and transmitted to the sleep reading center. The in-laboratory polysomnogram was scored by the team of clinical sleep technicians using the same criteria as the sleep laboratory. The two teams were masked to the scoring result of the opposing team.
All participants received obstetrical care by their physicians or nurse practitioners. No alteration of obstetrical care was recommended or mandated for study participants. Women with OSA were monitored in labor and delivery for 24 to 48 hours postdelivery if they demonstrated intrapartum hypoxemia. 16 The medical records of all enrolled women and their newborns were reviewed after their discharge from the hospital, and information regarding antepartum course, delivery, and postdelivery complications (up to 6 weeks) was recorded. Chart abstraction was performed by an individual masked to study OSA status. Obtained maternal data included age, race, marital status, medical insurance, obstetric history, gestational age at enrollment, prepregnancy weight and BMI, total weight gain during pregnancy, parity, and comorbidities, which included hypertension, pregestational diabetes mellitus, gestational diabetes, asthma, and tobacco use.
American College of Obstetricians and Gynecologists clinical definitions used for diagnosis of the comorbidities mentioned include: chronic hypertension (blood pressure 140 mm Hg or more systolic or 90 mm Hg or more diastolic based on the average of two or more readings at each of two or more visits before 20 weeks of gestation or use of antihypertensive medication before pregnancy), pregestational diabetes mellitus (any of the following at the initial prenatal visit: fasting plasma glucose 126 mg/dL or more, hemoglobin A1c 6.5% or more, or random plasma glucose 200 mg/dL or more), gestational diabetes (at least one abnormal result on a 2-hour 75-g oral glucose tolerance test or at least two abnormal values on a 3-hour 100-g oral glucose tolerance test during pregnancy). 17 Preeclampsia was defined as new-onset hypertension (systolic blood pressure 140 mm Hg or more or diastolic blood pressure 90 mm Hg or more) occurring at or after 20 weeks of gestation in a woman with previously normal blood pressure with documented proteinuria. Proteinuria was defined as total protein excretion of 300 mg or more in a 24-hour urine sample. 18 Preterm delivery and severe preterm delivery were defined as delivery before 37 weeks and 0 days of gestation and before 32 weeks and 0 days of gestation, respectively, by best obstetrical estimate.
Clinical outcomes for neonatal respiratory disorders were determined as documented in the medical record by neonatal intensive care unit clinicians. Respiratory distress syndrome was typically defined as respiratory symptoms (eg, grunting, flaring, tachypnea, and retractions) with need for supplemental oxygen and neonatal intensive care unit admission for further respiratory support, and with the diagnosis verified by chest radiograph findings of a reticulogranular pattern and air bronchograms. Other respiratory outcomes included transient tachypnea of the newborn, pneumonia (chest radiograph verification required), pneumothorax, meconium aspiration, pulmonary hypoplasia, and respiratory failure.
The sample size was determined by the primary objective of the Sleep Apnea in Pregnancy Screening Study, which was to develop a tool to screen obese pregnant women for OSA. Assuming a 60% detection rate using the currently available screening questionnaires and an 80% detection rate using our newly developed questionnaire, the Sleep Apnea in Pregnancy Screening Study would need 182 participants (a50.05, power50.80) to detect a difference. An a priori power analysis was not performed for the secondary aim of the study; therefore, this analysis may be underpowered for the secondary outcomes. Study data were collected and managed using REDCap electronic data capture tools hosted at MetroHealth Medical Center. 19 The agreement between ARES and full polysomnogram monitoring was measured using the Lin concordance correlation coefficient (rho c ) and Bradley-Blackwood test, which simultaneously compares the means and variances of two measurements. Good agreement was defined as rho c in the range of 0.6-0.74 and a nonsignificant Bradley-Blackwood test result. [20] [21] [22] Nominal data were analyzed with x 2 or Fisher exact test. Student t test was used for continuous data, and Wilcoxon rank-sum test was used for ordinal or non-normally distributed data. Normality was assessed using the Shapiro-Wilk test. Data analysis of outcome variables was limited to participants with a complete data set. Outcome variables were adjusted for age, race, and BMI because these variables are predicted of both OSA and perinatal morbidity. Multivariable logistic regression model was performed to study the association between preeclampsia and OSA after adjusting for the effect of potential confounders. The model goodness-of-fit was established using the Hosmer-Lemeshow test. We also sought to control and test for the logit model misspecification using linktest (absence of a linear relationship between the logit of the outcome and predictor variables) and multicollinearity among the predictor variables by assessing the tolerance levels for each variable. All analyses were performed with Stata 11.2 This study is registered in the National Institutes of Healh Clinical Trials registry (NCT01585844).
RESULTS
A total of 182 consenting women provided 175 complete portable polysomnogram data and were further evaluated. The prevalence of OSA was 15.4% (95% confidence interval [CI] 10.4-21.6%; 13 mild, nine moderate, five severe). Women with OSA had a median apnea hypopnea index of 12.9 events per hour of sleep and spent 6.562.5% of the night with SpO 2 less than 90%. There was good agreement between the ARES apnea hypopnea index and polysomnogram apnea hypopnea index (rho c 50.70, 95% CI 0.47-0.92; P,.001; Bradley-Blackwood P5.27).
Fourteen women transferred care from our institution and complete delivery data were not available. These women were excluded from further analysis. Demographic and clinical characteristics of the cohort are presented in T1   Table 1 . Compared with control group participants, the OSA group was older but similar in racial composition and insurance status. Women with OSA had a higher mean BMI (46.8612.2 compared with 38.167.5; P5.002) and were more likely to have asthma diagnosed (48.1% compared with 22.9%; P5.007). They also had more frequent chronic hypertension (55.6% compared with 32.4%; P5.02), but the rate of pregestational diabetes (18.5% compared with 20.3%; P5.83) was similar between groups.
Perinatal and newborn outcomes for 158 evaluated participants with available outcome data are presented in T2 Table 2 . There was one previable birth at 22 weeks of gestation and two stillbirths; all three losses occurred in the control group. The cesarean delivery rate was 38% for the overall cohort. Among the 63 cesarean deliveries, indications included elective repeat cesarean (40%), arrest of labor (25%), abnormal fetal heart rate tracing (19%), fetal malpresentation (10%), suspected macrosomia (3%), and previous shoulder dystocia (3%). Women with OSA were Severe maternal complications occurred in 6 of 158 women (3.8%), highlighting the high-risk nature of this population. These complications included maternal death (n51, amniotic fluid embolus in the control group) and cardiac arrest (n51, intraoperative at cesarean delivery in the OSA group). Operative complications included one reoperation for cystotomy and two cases of acute blood loss anemia requiring transfusion in the control group. Postpartum complications included one readmission for pulmonary embolus within 2 weeks after delivery in the OSA group.
Among live births, the two groups had a similar gestational age at delivery and birth weights. There were six neonates classified as small for gestational age (one in the OSA group and five in the control group) and two neonates were classified as large for gestational age (both in the control group). Obstructive sleep apnea was associated with more frequent neonatal intensive care unit admission (46% compared with 17.8%; P5.002) and hyperbilirubinemia (57.6% compared with 30.3%; P5.009) but similar rates of respiratory morbidity ( Table 2 ). The primary indications for NICU admission included respiratory complications (n526), prematurity (n55), malformations (n53), hypoglycemia (n51), and observation (n51). There was one case of hypoxic ischemic encephalopathy in the OSA group.
Results of the logistic regression examining factors associated with preeclampsia are presented in T T3 able 3. The model provided a good fit (P5.90) and was correctly specified (P5.80). There was no evidence of multicollinearity (the tolerance was more than 79%). After controlling for maternal age, chronic hypertension, previous preeclampsia, BMI, and pregestational diabetes, OSA remained significantly associated with preeclampsia (odds ratio [OR] 3.55, 95% CI 1.12-11.3).
DISCUSSION
We have found a 15.4% prevalence of OSA among obese pregnant women. These women who experienced frequent obesity-related comorbid conditions had a high rate of cesarean delivery and preeclampsia. Additionally, the neonatal intensive care unit admission rate was high in this cohort of women.
Our findings are consistent with previous published studies in pregnant women. In a case control study of women with polysomnogram-confirmed OSA, preeclampsia was more prevalent among those women with OSA compared with normal weight and obese control group participants (30% compared with 10% and 12%, respectively; P,.01).
13 Another large population-based study of 759 Chinese women with confirmed OSA demonstrated an increased risk of gestational hypertension (OR 3.18, 95% CI 2.14-4.73) and preeclampsia (OR 1.60, 95% CI 2.16-11.26) associated with OSA. 23 Other large studies have relied on symptom-based screening in clinic-based populations and found a similar twofold odds of development of preeclampsia in the presence of sleep apnea symptoms. 24 However, most previous studies have not considered a comprehensive set of risk factors, such as previous preeclampsia, ethnicity, and gestational weight gain in addition to comorbid conditions. 25 Our findings appear to suggest that OSA may have an independent association with preeclampsia after controlling for these major confounding variables.
In the general population, obesity and obesityrelated comorbid conditions such as chronic hypertension, diabetes, weight gain, and older age are wellidentified risk factors for OSA. 26, 27 Our data appear to confirm the presence of those same risk factors in this younger population. In our cohort, the women with OSA were heavier and had more chronic hypertension, consistent with the reports in the general population. Conversely, we did not find an increased prevalence of pregestational diabetes mellitus or gestational diabetes, perhaps because of the high prevalence of obesity overall in the United States. This is contrary to a recently published report of 759 pregnant women not selected on the basis of obesity. In that study, OSA was associated with gestational diabetes (OR 1.6, 95% CI 1.07-2.8). 23 However, that population-based study estimated BMI and obesity using International Classification of Diseases, 9th Revision, Clinical Modification diagnoses, which could result in misclassification. In fact, the reported obesity rate in that cohort was just 5%. Other reports of the association between sleeprelated breathing disorders and pregnancy-related diabetes have relied on symptom-based screening and not objective testing. 1, 24, 28 Our inability to find a difference in the frequency of diabetes among women with OSA may be related to the obesity of our overall cohort and to the small number of participants. Nonetheless, this highlights the importance of obesity as a significant confounding variable when studying pregnancy outcomes among women with OSA.
We were surprised to find the increased neonatal intensive care unit admission rates among the offspring of women with OSA despite similar frequencies of preterm birth between groups. Many of these admissions were secondary to respiratory morbidity in the neonate. The relationship between respiratory morbidity and cesarean delivery has been well-described. Epidemiologic and observation studies have demonstrated that term neonates with transient tachypnea of the newborn have a fourfold increased odds of being delivered by cesarean. 29 Gestational age also influences neonatal respiratory morbidity. In an analysis of data from a large observational cohort of 13,258 women undergoing elective cesarean delivery at 19 centers across the United States, respiratory morbidity incidence decreased with increasing term gestational age between 37 weeks and 39 weeks. 30 Compared with women delivering at 39 weeks of gestation, women who delivered at 38 or 37 weeks of gestation were 1.5-times to 2-times as likely to have a delivery complicated by neonatal intensive care unit admission and 1.7-times to 2.5-times as likely to have a newborn with respiratory morbidity. This reported relationship may further explain our findings. The women with OSA were less likely to be admitted for spontaneous labor and were more likely to undergo induction of labor and had higher cesarean delivery rates. They delivered at term but, on average, 1 week earlier than the group without OSA. Nonetheless, there may be alternative explanations. As we move forward and study the pathophysiologic mechanisms of OSA, it will be important to bear in mind the potential consequences of early term birth.
Another unexpected finding of our study was the occurrence of maternal death and the cardiac arrest in this small group of patients. However, it does highlight the risk of pregnancy in the obese woman. Maternal mortality rates have plateaued in recent decades. Obesity is a risk factor for precipitating or exacerbating all of the most common causes of maternal death after live birth in the United States (hemorrhage, hypertensive disorders of pregnancy, cardiovascular conditions, cardiomyopathy, infection, and thrombotic pulmonary embolism). 31 Comorbid conditions also play a role. In population-based studies of near-miss morbidity and mortality, the most common comorbidities are hypertensive disorders of pregnancy (34.7%), previous cesarean delivery (15.7%), diabetes mellitus (10.5%), and pre-existing hypertension (10.2%). 32 Our study has several limitations that require consideration. Our cohort was limited to obese patients, so we could not comment on the implications of the disease in women who are not obese. Despite limiting ourselves to obese individuals, the women with OSA, on average, had a BMI that was greater than that of women in the control group. Therefore, there still may be an obesity-related effect that we did not fully account for in our analyses. In that case, we may be overestimating the effect of OSA. In 86% of the participants, OSA was diagnosed based on a 1-night study. Night-to-night variability in apnea hypopnea index has been described and, as a result, there may have been some misclassification of OSA. Some patients transferred their care out of the system and we were unable to obtain data on their deliveries. Those women were mostly in the control group. If they had severe outcomes, too, we may be overestimating the observed effect size. Finally, our cohort included only a limited number of women with severe OSA. This, coupled with a relatively small number of observed cases of preeclampsia, neonatal intensive care unit admission, and hypertension, prevented evaluation of the effect of severity of disease on pregnancy outcomes, suggesting that both the adjusted and unadjusted ORs should be interpreted with caution. Nonetheless, these results are an important preliminary investigation of the morbidity to be expected in obese women with OSA. In conclusion, obese women with OSA have high rates of other obesity-related comorbid conditions and poor pregnancy outcomes. An optimal approach to decrease morbidity in women with OSA should be directed at treatment of obesity before pregnancy, which might also improve comorbid OSA. Nonetheless, weight loss is often difficult. Evidence of OSA operating as an independent risk factor for adverse maternal and neonatal outcomes also supports the need to address better ways to screen and treat OSA in pregnancy.
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